The paper describes a numerical and experimental study investigating the load carrying capacity of thin-walled composite structure subjected to axial compression. Composite profile was made of carbon-epoxy laminate with symmetrical arrangement of the layers [90/-45/45/0]s. The experiment was performed on a universal testing machine (Zwick Z100) until total failure of the column. In case of experimental study, post-critical equilibrium paths in full range of loads of the structure were determined. The numerical analysis was performed by the finite element method using the Abaqus® software. Numerical analysis involved solving a nonlinear stability problem. The geometrically non-linear problem was solved by the Newton-Raphson method. The load carrying capacity of the composite structure was determined by the progressive failure analysis, which firstly estimates damage initiation load (Hashin criterion) and secondly estimates failure load (energy criterion). The numerical and experimental results show high agreement, which confirms the adequacy of the prepared numerical model of composite profile.
INTRODUCTION
Composite materials are one of the most outstanding engineering materials. Traditional isotropic materials, such as steel or aluminium are ever more frequently replaced by composite materials. Thin-walled composite structures have a high level of load capacity and rigidity, while their own mass remains very low. For this reason, composite materials prove more beneficial than the traditionally used ones. Since the materials used in aviation industry (but also construction, automotive or water industry) have to meet strict requirements, it is necessary to employ modern solutions based on thin-walled composite structures [1] . Due to the possibility of designing their features according to the current demand, composite materials can be widely used in the industry. Should there be a demand for a more significant energy consumption or structure rigidity, such features can be obtained by manipulating the laminate layer design, which significantly influences the properties of composite materials. Their orthotropic properties as well as the possibility of manipulating their features make composite materials suitable for extraordinary tasks [2] .
Thin-walled composite structures often work not only in the range of the acceptable service load [3] [4] [5] [6] . Since the aviation industry is a leader in the usage of composite materials (CFRP, GFRP), it dictates the conditions of safe structure work even if the acceptable service load is momentarily exceeded [7, 8] . For this reason, thin-walled composite structures are typically designed in such a way that would allow for working in a range that insignificantly exceeds the acceptable service load. The typical, generally used aviation structures, especially profiles with a channel-or omega-type cross-section in the hull of a fuselage in certain aircrafts are especially significant for the proper functioning, load capacity and the level of safety in service [3, [7] [8] [9] . Due to the fact that the above mentioned structures carry significant loads it is necessary Failure Analysis of Thin-Walled Composite Profile Subjected to Axial Compression to conduct numerical analyses and experimental tests for this type of materials.
Thin-walled composite structures are characterized by the occurrence of critical state, wherein stability loss takes place [7] . Within the aforementioned structures a rapid change of the type of deformation can be observed (which is connected to the occurrence of geometrical nonlinearities) after reaching the load commonly known as critical load. It is possible for a thin-walled composite structure to work after stability loss, in the postcritical state, until damage [10] . Depending on the design of the laminate layers, a composite structure may, as a result of axial compression, carry an iteration of the critical load. This phenomenon is caused by the fact that constructions with certain layer design are damaged significantly later than others. The typical layer design occurring in composite structures is usually based on the angles 0°, ±45° and 90°. This subject-matter has been discussed in numerous scientific works [7] [8] [9] [10] [11] .
The damage of composite structure, constituting the main subject of this study, is an extremely important issue. The phenomenon of damage is very complex and therefore requires an in-depth analysis. Within this study, the structure damage was conducted based on the following methods: in the case of experimental testing: deformation measurements and signals from the acoustic emission method, in the case of numerical calculations using the progressive failure analysis [10, 12, 13] . Due to the axial load applied to the structure, the issue of the initiation and evolution of the damage of the composite material was discussed [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . In this case, the applied damage model describes the damage initiation in selected components of the composite material (damage to the fibres and matrix as a result of compression and tension) based on the Hashin criterion [20, 21] . Upon meeting the initiation criterion the damage evolution consists of a gradual degradation of the material properties and is described based on the energy criterion [22] [23] [24] [25] [26] . The methods applied in the research and the damage model in the case of numerical analysis allowed to assess the state of stability loss of a structure, which constituted the objective of the research.
THE SUBJECT OF STUDY
The subject of the research was a thin-walled composite column made of carbon-epoxy composite. The tested sample was manufactured using the autoclave technique. The sample con- Figure 1 .
The material properties for the actual sample were determined based on the standard compression and strength tests for composite materials. The mechanical and strength properties were estimated based on numerous experimental tests, e.g. using the universal testing machine Zwick Z100. The testing of material properties was conducted in room temperature using special heads Table 1 [7, 10] .
THE METHODOLOGY OF STUDY
The damage of a composite structure was analysed as a part of the conducted research. Experimental testing of the process of axial compression of a structure was conducted in room temperature with the traverse moving at a constant speed equal 2 mm/s. The tests were ran using special heads with flat working surfaces, using additional panel bases, which ensured simple support to the end cross-sections of the column. The experimental tests were conducted for the full range of load, until the damage of the composite material. The boundary conditions for the real structure are presented further in the study in Figure 2a .
In the case of the experimental testing the analysis was organized in two stages (similarly to the numerical calculations). Firstly, the analysis of the critical state was performed, which allowed one to determine the critical load values (at which the structure changes the state of deformation -geometric nonlinearity occurs at significant deflections) [27] . The first stage of the research required the deflections caused by increased compressive strength to be measured. In order to achieve this, strain gauges were located on the opposite sides of the web of the composite profile -in the areas of the most significant deflections (which was estimated based on the results of initial numerical analyses). The strain gauges were located on the opposing sides of the web of the composite profile at the same height, in order to correctly measure the deflections. In the next stage the known methods of approximation of the curves force-deflection were employed, mainly the P-w c 2 and Koiter method [28] . In the case of the P-w c 2 method the estimation of the critical force is based on the load-square of a difference of the deflections. In the case of the described method, the results of approximation are compliant with the linear function expressed by the following equation (1) [28] : (1) where:
-unknown parameters, -applied load, -unknown critical load, -increase in the deformation proportional to the increase in the deflection.
The Koiter method is closely linked to the post-critical equilibrium path, describing the relation load -difference of deformations measured on the opposite sides of the web of the profile. The results of the analysis of the weakly post-critical state are similar in description to the seconddegree quadratic function in the case of the Koiter method, with the following equation [28] : (2) where:
-unknown parameters of the function, -applied load, -unknown critical load , -increase in the deformation proportional to the increase in the deflection.
In the case of the both methods the critical load can be defined as an intersection of the approximation function with the vertical axis of the characteristics, which is the axis of the load. The comprehensive method of determining the critical load was presented in the study [7, 28] . Within the process of determining the critical load it is vital to properly select the approximating range of the initial curve in such a way that the correlation coefficient R 2 ≥ 0.95, ensuring the compliance of the approximating function with the approximated characteristic, was at the level of at least 95% [7, 28] .
Based on both of those approximating methods it was possible to determine the approximate values of the critical load, in the further part of the study compared to the results of the numerical calculations. In the second stage of the experimental testing the analysis, until the damage of the material, was conducted. In order to achieve this the acoustic emission method was employed. A piezoelectric sensor, located directly on the shelf of the tested sample, allowed for recording the following parameters: number of counts, number of events, energy and the signal amplitude. Based on the conducted tests, the values of the load for both the damage initiation and the evolution (loss of construction stability) were determined.
In the case of the conducted numerical tests, the analysis consisted of two stages. In the first stage, the value of the critical load was determined, within a linear solution to an eigenproblem -based on the criterion of minimal potential energy of a system. Using the specific load and properly declared boundary conditions (Fig. 2b ) allowed for determining not only the value of load at which the structure loses its stability, but also the type of buckling occurring. In the case of the calculations of the limit state the Hashin criterion was employed [20, 21] . This criterion considers four parameters of the damage of the composite material: (HSNFTCRT -damage to the material caused by the tension of the fibres, HSNFCCRTdamage caused by the compression of the fibres, HSNMTCRT -damage caused by the tension of the MATRIX, HSNMCCRT -damage caused by the compression of the MATRIX). In the case of applying further load to the construction, until damage, the following five parameters are deciphered: DAMAGEFT -damage caused by the tension of the fibres, DAMAGEFC -damage caused by the compression of the fibres, DAMAGEMT -damage caused by the tension of the matrix, DAMAGEMC -damage caused by the compression of the matrix, DAMAGESHRdamage caused by layer shear [25, 26] . In the case of initiation for the respective compounds of the initiation or evolution criterion reaching the value equal 1 indicated the fulfilment of the criteria and therefore damage initiation or stability loss.
The numerical analysis was conducted using a model of a composite structure, consisting of deformable finite elements and models of plates, supporting the end cross-sections of the composite columns, made of non-deformable finite elements. In the case of the composite sample, the numerical model was prepared using surface finite elements with the second-order shape function with reduced integration -marked as S8R.
In the case of plates, non-deformable surface elements were used, marked as R3D4. The obtained discrete model comprised of 11620 finite elements and 20187 nodes.
The boundary conditions for the numerical model adequately depicted the experimental testing. The discrete model of the composite column was supported by rigid plates, for which the boundary conditions were determined in reference points assigned for each plate. The nether plate was fully restrained/fixed in the reference point, whereas the upper plate moved in the direction of the compressive load. The condition of the compressive load was determined on the basis of the displacement of the upper plate in the direction of the Z axis, which allowed the simulation of the process of axial compression of the composite structure. Contact interactions were defined between the end cross-sections of the column and the non-deformable plates (contact in the tangential and normal direction, without considering the friction factor). Additionally, the nodes located on the edges of the cross-sections of the column were free to rotate in relation to the edges of the end cross-sections, but their dislocation in the directions perpendicular to the surface of the structure's walls was hindered.
Due to the fact that the numerical analysis was divided into two stages, in the process of calculating the critical state (eigenproblem), in the reference point of the upper plate the value of specific load, acting in compliance with the direction of the Z axis, was determined, instead of the dislocation causing compression of the structure. Such approach enabled one to determine the critical load. The second stage, considering the compression of the structure using a non-deformable plate was an analysis of the post-buckling stare (nonlinear stability problem) was conducted considering the initial imperfections, constituting 5% of the thickness of the profile wall. Those imperfections match the first buckling state of the composite structure. The determined boundary conditions are presented in Fig. 2b in a graphical form.
RESULTS

Results of critical state
The experimental tests and numerical simulations conducted allowed one to obtain the results for both the buckling and the boundary state (considering both the initiation and evolution of the damage to the composite material). The analysis of the buckling state was based on the obtained values of critical load and the mode of construction buckling. In the case of experimental testing and numerical calculations the first mode of buckling was obtained in accordance to the criterion of the minimal energy necessary for the phenomenon to occur.
The aforementioned critical load values, in the case of experimental testing, were obtained based on the P-w c 2 and Koiter approximating methods, whereas in the case of FEM calculations the result was obtained by solving the linear eigenproblem. The obtained results of the critical state are presented in Figure 3 .
In the obtained results a high agreement was observed in the case of the buckling state. In terms of the structure, a local buckling form, considering the occurrence of two half-waves. Those half-waves can be observed in the right vertical outer shelf of the composite profile, both in the experimental testing and numerical calculations. This phenomenon indicates that similar buckling modes were obtained within the research. In the case of numerical calculations the obtained value of the critical load, at which the structure buckled, was also presented. The value of the critical load in the case of the layer configuration employed in the research [0/-45/45/90] s is equal P cr = 6870.2 N. With reference to the simultaneously conducted experimental testing the value of the critical load was determined based on two selected approximating methods - Fig. 4 .
The research on the buckling state revealed a very significant quantitative compliance of the results, which is shown in Table. 2.
The obtained results of the experimental testing were compared to the values from numerical calculations. The discrepancy between the results of numerical calculations and the ones obtained by the Koiter method was equal c.a. 0.5%, whereas in the case of the results of numerical calculations and P-w c 2 method the discrepancy was 3.8%. Both approximating methods allowed one to determine the values of the critical load with a high accuracy, compared to numerical analysis. The Koiter method allows for a significantly more accurate estimation of the values of the critical load, due to the use of the approximating function in the form of the second degree polynomial.
Results of failure analysis
The results connected to the occurrence of the damage phenomenon enabled one to assess the state of initiation and evolution of the damage to the composite material. The experimental testing of the limit state enabled one to assess the structure damage be comparing the results with the results of numerical calculations. It allowed On the basis of the research conducted it was observed that the initiation of the damage to the composite material occurred mainly in the nether and upper part of the inner, vertical edges of the structure (numerical calculations within the Hashin criterion) - Fig. 5b . The initiation and evolution criteria are met when the value of the damage parameter reaches 1 (the areas marked with red) or slightly exceeds it (areas marked in gray). In the case of the further testing of axial compression of the structure until its failure, the areas susceptible to stability loss were located. The stability loss, both in the case of experimental testing - Fig. 5b and numerical calculations, based on the progressive analysis of damage - Fig. 5c occurred in the nether part of the end cross-section of the composite column (the damage to the nether part of the profile in the nether part of the shelf is particularly visible). This type of damage occurs in short, thin-walled composite structures [10] .
The damage initiation in the case of numerical calculations occurred as a result of meeting the damage component HSNMTCRT -damage caused by tension of the material matrix. Damage initiation constitutes only the process initiating the damage to the composite material. However, only applying further load to the structure allows one to assess the stability loss of the structure (damage evolution). Damage evolution was initiated by the damage to the matrix caused by tension -DAM-AGEMT, as it was in the case of damage initiation. The consecutively fulfilled evolution compounds were: damage caused by layer shear -DAM-AGESHR, damage caused by fibre compression -DAMAGEFC and matrix damage caused by its compression -DAMAGEMC (the DAMAGEFT parameter, describing the damage caused by the tension of the fibres did not influence the stability loss). In the case of progressive damage analysis the damage evolution was presented based on one parameter of the damage evolution -DAMAGES-HR, damage to the material caused by layer shear.
In reference to the simultaneously conducted experimental testing and numerical calculations, the characteristics of the damage to the composite material were determined - Fig. 6 .
Within the research on the buckling state not only a very significant qualitative - Fig. 5 , but also quantitative compliance was obtained. The results were presented in Table 3 .
Based on the examination of the buckling state, the values of the damage initiating load and the ultimate load (causing stability loss) were determined. In the case of numerical calculations it was observed that the load initiating the damage of the composite material is equal 9579 N. Within the experimental testing the load was equal 10638 N, which constitutes 9,95% discrepancy from FEM. In the case of the ultimate load, the . The ultimate load is over two times higher than the damage initiation load and over three times higher than the critical load.
CONCLUSIONS
The study presents the results of research on a composite column in the full range of load. The experimental testing of the physical model, manufactured using the autoclave method, enabled the validation of the numerical model, which allowed for describing the work of the structure (considering the phase of the damage to the composite structure). Employing the acoustic emission method in the experimental testing allowed one to assess the damage initiation in the real composite structure.
The numerical calculations conducted using the progressive composite damage criterion enabled one to conduct a description of the damage mechanisms in the composite material. The applied Hashin criterion allowed for identification of the composite damage initiation mechanism. This phenomenon was caused by the damage to the matrix as a result of tension. It also allowed for determining the value of the material damage initiation load. The progressive failure analysis used in the description of the damage evolution proved the fact that the damage of the structure of the composite material is complex. The results obtained from experimental testing and numerical calculations showed that the damage will occur in the nether part of the end cross-section of the column. In this case the numerically determined value of the ultimate load remained in compliance with the experimentally obtained value in over 96,5%. For this reason the numerical model of the structure used for describing its work in the full range of load, including the description of the damage mechanisms of the composite material ought to be deemed adequate. 
